Intrinsically disordered proteins (IDPs) carry out many biological functions. They lack a stable three-dimensional structure, but rather adopt many different conformations in dynamic equilibrium. The interplay between local dynamics and global rearrangements is key for their function. In IDPs, proline residues are significantly enriched. Given their unique physicochemical and structural properties, a more detailed understanding of their potential role in stabilizing partially folded states in IDPs is highly desirable. Nuclear magnetic resonance (NMR) spectroscopy, and in particular 13 C-detected NMR, is especially suitable to address these questions. We applied a 13 C-detected strategy to study Osteopontin, a largely disordered IDP with a central compact region. By employing the exquisite sensitivity and spectral resolution of these novel techniques we gained unprecedented insight into cis-Pro populations, their local structural dynamics and their role in mediating long-range contacts. Our findings clearly call for a reassessment of the structural and functional role of proline residues in IDPs. The emerging picture shows that proline residues have ambivalent structural roles. They are not simply disorder promoters but rather can, depending on the primary sequence context, act as nucleation sites for structural compaction in IDPs. These unexpected features provide a versatile mechanistic toolbox to enrich the conformational ensembles of IDPs with specific features for adapting to changing molecular and cellular environments.
INTRODUCTION
Intrinsically disordered proteins (IDPs) exist as ensembles of rapidly interconverting conformers, therefore cannot be described by a single three-dimensional structure [1] [2] [3] .
Their unique physicochemical properties derive from the polymer-like properties [4] of polypeptide chains in combination with the specific characteristics of the interaction pattern resulting from the primary sequence. Among the naturally occurring amino acids, proline has peculiar properties due to its cyclic structure, which links the backbone nitrogen with its sidechain generating a pyrrolidine ring that constrains its available conformational space. These steric restraints reduce the energy difference between cis/trans conformers involving peptide bonds between proline residues and the amino acids preceding them (Xaa-Pro peptide bonds). While for non-cyclic amino acids the occurrence of the cis conformation is less than a 0.5%, the cyclic nature of prolines slightly disfavors the trans conformation, leading to increased cis populations, typically ranging from 5 to 10% [5, 6] .
The energetic barrier in cis and trans interconversion is estimated to be around 84 kJ/mol ), existing in 'slow' exchange. Peptide bonds involving prolines differ substantially from those involving other amino acids and among other factors [7, 8] play an important role in protein folding processes [9] .
The role of proline residues in highly flexible disordered polypeptide chains has been a long discussed topic, and has involved many hypotheses [9] [10] [11] [12] [13] . The peculiarities of this amino acid have been a focus of study due to its pivotal role in protein-protein interactions [14] , backbone rearrangements [8, 15] , post-translational modifications [16, 17] and secondary structure formation [18] [19] [20] [21] . Experimental data, however, were sparse mainly due to methodological limitations.
Nuclear magnetic resonance (NMR) is a unique tool to characterize the structure and dynamics of proteins at atomic resolution. Most methods used in the study of biomolecules 4 rely on the detection of 1 H, which offers better inherent sensitivity due to its higher gyromagnetic ratio compared to 13 C and cross-peak dispersion that allows to observe the 'fingerprint' of a protein of interest by simple 2D spectra. However, this method has limitations when dealing with IDPs, in particular when approaching physiological conditions. On one side, 1 H N is highly sensitive to its environment, in particular to pH and temperature, which may compromise its use for studies under such conditions due to rapid exchange with the solvent. In addition, it does not provide information about proline residues, which lack the amide proton. This also complicates their sequence specific assignment, although approaches have been developed to partially 'by-pass' this limitation [22, 23] . Alternative detection schemes for prolines involve aliphatic proton-carbon ( An attractive option to obtain NMR spectroscopic information on proline residues is the use of direct 13 C observation [25] . To our knowledge, the first reference making use of direct dispersion in the so-called CON spectrum (Fig. 1A ) [34, 35] . This is largely independent of tertiary structure and provides well-resolved information about all amino acids including proline, even in IDPs. In other words, CON spectra provide the most complete two- 
RESULTS
Observation and signal assignment of cis isomers of proline residues by 13 Cdetection.
13
C′ i-1 -
15
N i cross-peaks, where i is a proline, due to their peculiar nitrogen chemical shifts, appear in a well-separated region of CON spectra (Fig. 1A) . A careful inspection of the spectra reveals the existence of peaks due to minor species (Fig. 1B) .
Given the low population of the minor species special emphasis was put into optimizing the sensitivity of the standard assignment experiments exploiting Fig. 2A) of the COCON experiment. This resulted in an approximate increase of the S/N ratio per unit time by a factor of 1.65 ( Fig. S1A-B) . J C'C' coupling constants. In the subspectra associated with the minor forms some of the cross-peaks connecting proline residues to their following residues show low to vanishing intensity ( Fig. S1C) . As the connections to the preceding residues are usually still present, this is not simply an issue of reduced spectral sensitivity reflecting the low effective concentration of the minor species, but rather suggests a consistently small value for the The chemical shifts of side chain carbon atoms of proline residues obtained through the analysis of the 3D (H)CCCON were very useful to confirm that the minor form observed derives from cis/trans isomers of Xaa-Pro peptide bonds. Indeed, as initially proposed by Schubert and others [52, 53] cis conformations can be identified by the difference between C β and C γ chemical shifts, which is larger in the case of cis-Pro relative to trans-Pro. As shown in Figure 3A , the minor forms observed in the proline region follow this pattern and are mostly in the cis conformation (Fig. S2) .
Cis/trans isomerization at positions of proline residue also affects the neighboring residues, similarly to 1 H N shift differences observed between cis/trans-induced forms in α-8 synuclein [11] . Specifically, we observed that (i) the percentage of cis-Pro conformers is conserved along the signals of minor forms of consecutive residues surrounding the proline ( Fig. S3A) and (ii) the difference in chemical shifts between major and minor forms is large for residues i±1 and gradually decreases until position i±3, where it coincides with the position of the major form ( Fig. S3B-C) , indicating that proline isomerization has a drastic effect at the local level in a range spanning residues i±3.
Another observation that can be easily depicted is the position of C α and C β shifts of residues preceding a proline (BMRB ID: 27443 and Table S4 ), which reflects the fact that residues preceding a Pro are biased towards an extended conformation. A typical indication of a proline in the following position is the up-field shift of C α . This is easily recognized for all residues (see examples of V81, V90, F121, A125, A128, Q178, L196, R207 present in OPN). More interestingly, for some of these residues (V81, V90, F121 and R207) the C β carbons experience a comparable downfield shift, thus indicating specific conformational changes at these sites.
To conclude, given the substantially improved sensitivity of the new pulse sequences, the CON cross peaks of both trans and cis forms, including their sidechains, of the 12 proline residues present in OPN could be assigned. Additionally, the minor forms of several proline neighbors were assigned (11 out of 12 in the i-1 positions; 6 out of 12 in the i+1 positions; and some in i±2 and i±3 positions). The assignment of the minor forms can be found in the Table S4 . This also further extends the assignment already achieved for OPN (deposited with BMRB as ID 27443) comprising 99.1% of N, C′, C α and C β (major form).
Quantification of the cis populations.
Relative populations of trans and cis species were determined by taking peak volumes from the 13 C-detected 2D CON spectra (Fig. 1B) . It is well-known that prolines display high cis population, ranging from 5 to 10% in proteins, while even higher percentages have 9 been observed for small peptides [54] [55] [56] . In addition, this equilibrium can be modulated by the chemical environment (for example, by the occurrence of phosphorylation [17] and/or by secondary structure propensities). In the case of OPN, experimental data clearly indicate that all proline residues sample both the trans and the cis conformation, with populations for cis conformers that significantly deviate from percentages reported for other IDPs (around 5-10%) like α-synuclein [11] or tau [12] . P88, P91, P122 and P126 also
show an additional minor form with a trans signature (Fig. 1B and Fig. 3B ) likely coupled with the cis conformation of neighboring proline residues.
It is worth noting that for P88, P122, P129 and P185, the population of the cis forms is greater than 10% (Fig. 3B ) and this higher cis population correlate with the presence of aromatic residues (Phe or Trp) in either i±1 position ( Fig. 1C and Fig. S4A ). Indeed, as an example, the mutation to alanine of phenylalanine 121 (preceding proline 122), induces a lower cis population of the peptide bond linking the two aminoacids compared to the wildtype protein (from 13% to 7%, Fig. S5 ) confirming the importance of the direct interaction between aromatic and proline residues to stabilize the cis conformer.
The structural dynamics of cis forms.
To further characterize the role of proline cis/trans isomerism and its impact on the structural dynamics of OPN, we measured 15 N relaxation parameters [57] (Fig. 4A and interactions that generate local compaction. A plausible explanation could be the increase of conformations resembling those found in PPI helices in contrast to the conventional PPII form often sampled by proline-rich segments [67] . Although the changes in backbone dihedral angles are rather small the switch from PPII to PPI results in a significant compaction of the polypeptide chain. While PPII is an elongated left-handed helix PPI is a compacted right-handed helix. The average helical pitch per residue in PPI is around 5.6 Å and thus very similar to the value found in a typical α-helix. In contrast, the more extended PPII motif has a helical pitch of 9.4 Å. In order to test the hypothesis of a potential PPII-to-PPI switch we performed a quantitative analysis of secondary structure propensities by the program δ2D [68] separately using the shifts of major and minor forms, which shows that the cis-Pro leads to lower PPII populations compensated by either coil or β-strand 11 conformations (Fig. 6) . Interestingly, the largest changes in 15 N-R 2 rates were observed for P82, P85, P88, P122, P126 and P236. Strikingly, most of them (all except P236) belong to stretches containing consecutive P-X-X-P motifs and is thus more likely to form a continuous PPI helix. However, PPI-PPII transitions are challenging to pick up solely from chemical shift data and a cause-effect direct connection could not be obtained from these results alone.
On the role of proline isomerization in modulating global rearrangements.
In order to probe putative changes in long-range contacts resulting from cis/trans isomerization of proline residues, we carried out a series of paramagnetic relaxation enhancement (PRE) experiments. We exploit 13 C-detected PRE by observing intensities of the paramagnetic and diamagnetic forms [69] . (Fig. S6A-B) . Summing up, PRE rates were largely comparable in both Pro forms suggesting that the overall (tertiary) compaction is maintained and only local dynamics are different between trans-Pro and cis-Pro forms.
Finally, to obtain more specific information about differential side-chain structural dynamics we performed (Fig. 8C) . It can thus be concluded that steric repulsion due to distinct π·CH-aromatic interactions lead to restricted local mobility in the cis-Pro form, as illustrated in Fig. 8D .
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DISCUSSION
Proline residues are highly abundant in IDPs, although their role is still elusive. A unique property of prolines in proteins is their significantly higher than other residues' tendency to from cis peptide bond isomers. The percentage of cis-Pro population is known to vary between 5-10% and has been reported for previously studied IDPs like α-synuclein [11] and tau [12] . In addition, this population can be drastically affected by phosphorylation [17] and specific protein-protein interactions [70] . In the present manuscript, we used The tunable stabilization of cis conformers by π·CH interaction between the aromatic sidechain and the proline ring has been described mainly for small molecules and peptides [55, 56, 71] and recently for the TAD domain of BMAL1 [72] . This stabilization is limited to prolines (at position i) and aromatics in positions i±1 and i-2. Our study provides, to our knowledge, the first experimental evidence that these weak interactions remain relevant in the context of a large IDP. We found that OPN shows particularly high cis-Pro populations, reaching cis-Pro percentages around 20% in some cases. Most importantly, the highest populations of cis-Pro conformers were found for prolines in close proximity to aromatic residues. The mutation of an aromatic residue to alanine leads to a drastic reduction in cisPro population. We thus conclude that π·CH interactions between aromatic sidechains and proline rings are highly relevant for the stabilization of local structural segments in IDPs.
Aromatic amino acids, leucines and proline residues are well-conserved in IDPs [5] , but hydrophobic and proline residues have an opposite behavior with respect to their relative abundance when comparing ordered and disordered proteins [73] . Prolines are highly abundant in IDPs and are usually considered as disorder-promoting residues [5, 74] . We thus performed a statistical analysis of the discussed motifs in globular proteins and IDPs.
14 In our data sets (PDB for globular proteins (https://www.wwpdb.org) and DISPROT for disordered segments (http://www.disprot.org)) ( Fig. S4B-C) , we found Pro residues to be more abundant in IDPs (7.3%) than in globular proteins (4.4%), whereas for aromatics the opposite was found (IDPs: 5.1 %, globular proteins: 9.5 %), in line with values previously reported [75] . The comparison between globular proteins vs IDPs with respect to the prevalence of aromatic-proline pairs revealed that in IDPs 14% of prolines have aromatic residues in positions i±1 and i-2 and thus in positions where the π·CH stacking interaction can take place, whereas, in globular proteins this number is 27%. Thus, our experimental findings that these sequence motifs are found in regions of significant structural compaction and that their mutations reduce, to a certain degree, this state are suggesting that these motifs might serve as nucleation sites for facilitating the formation of compact states in IDPs. In addition, it points out to the relevance of aromatic-proline interactions for the stabilization of underlying structure in IDPs. Although systematic studies on the biological significance of aromatic-proline amino acids pairs in disordered segments are currently lacking, a first hint was provided with the Pro-Trp pair in BMAL1 [72] which is strongly conserved and key for the regulation of circadian rhythms. Another example is given by the unique domain of Src-family kinases which contains an unusual number of hydrophobic residues for an IDR and which are intercalated with prolines. Arbesú et al.
[ 76] have shown that phenylalanine residues in this IDR promote the compaction of this protein, they hypothesize that proline residues may compensate the entropic cost of this effect by retaining correlated local flexibility, as proposed elsewhere [77] . Further evidence for the relevance of this sequence motif is provided by the fact that aromatic residues are found in pre-structured molecular recognition motifs (also called MoRFs and PreSMos [78] ). Our findings that π·CH interactions significantly reduce the conformational dynamics of the minor cis-Pro form in W184 can thus be regarded as a prototypical case for a general mechanism to modulate backbone as well as side-chain dynamics in IDPs. The derived from PRE (and PRI) rates [80] . This is illustrated with two divergent OPNs (Homo sapiens vs. Coturnix japonica PRE rates in Fig. S6A and S6C, respectively) (Fig. 9) .
Coturnix japonica OPN contains three regions of correlated fluctuations indicating considerable structural compaction and the existence of -at least-one compact state in OPN (Fig. 9 upper) . Most importantly, extremely high concentrations of urea and high-salt concentrations are needed to completely denature (unfold) the protein [48], thus indicating that both backbone structural elements and electrostatic interactions are involved in generating these compact states. Interestingly, human OPN showed a different pattern of correlated segments, where oppositely charged regions are less correlated than its evolutionary far homolog (Fig. 9 lower) . In order to assess the potential influence of different charge distributions we followed a strategy proposed by Pappu and co-workers [81] , who have demonstrated the intimate relation between sequence distributions and ensemble conformations of polyampholites with simulations and introduced the parameter κ, which takes into account not only the overall charge of the polymer but additionally also the distribution of these charges along the primary sequence. The κ value for Coturnix japonica OPN (or quail OPN) is 0.262, corresponding to a typical value of a pre-molten 16 globule in the interface between a weak and strong polyampholyte (79) . Interestingly, despite the low interspecies protein sequence similarity (Fig. S7) , the parameter κ (Table   S5 ) is largely identical for the individual OPN family members (Fig. S7) . The observed differences in correlated fluctuations (Fig. 9) can therefore not be explained by charge pattern but result from context-dependent interactions along OPN primary sequence.
Regarding the number of prolines and their location in OPN (Fig. S8 coloured circles) , human OPN is significantly divergent from the quail form. In particular, the human Nterminal segment is enriched in prolines and the quail form is depleted. On the other side, aro-Pro motifs are conserved next to the positive charged patch at the central region of the protein ( Fig. S8 red circles) , suggesting a relevant role of those in the central compact state.
Based on our findings we thus conclude that in addition to the specific distribution of charges along the primary sequence (quantified by the parameter κ) the specific location of proline-aromatic sequence motifs (relative to electrostatic patches) plays a decisive role in determining the conformational space sampled by IDPs.
It is also instructive to compare our findings with a recent sequence analysis deciphering the evolutionary constraints acting on IDPs to disable a negative function (aggregation) [82] . In this study it was shown that representative ensembles of folded proteins and IDPs respond differently to randomization (while maintaining the overall amino acid distribution) of primary sequences. Most importantly, this study unveiled that in contrast to the widespread belief that protein disorder triggers aggregation-induced diseases, IDP sequences evolved during evolution to exactly avoid amyloidogenesis and increase solubility. In other words, the finding that amyloids are sometimes associated to IDPs obscures the fact that the vast majority of IDPs emerged under the evolutionary constraint to avoid aggregation. Thus, the significance of this protein property (aggregation propensity) and its relevance for disease results from its scarcity in IDPs. Based on our 17 finding that aro-Pro sequence motifs are significantly less abundant in IDPs we postulate an analogous negative evolutionary constraint for IDP sequences. Since aro-Pro sequence motifs are depleted in IDPs their occurrence points to their significance. Our study of OPN showed that the aro-Pro sequence motifs exhibit significant local rigidification of the backbone chain and is thus in stark contrast to the conventional notion that proline residues are the origin of flexibility in IDPs. These structurally constrained sites can on the contrary act as nucleation sites for the formation of compact states in IDPs as their restricted motion reduces the entropic penalty for the formation of collapsed states. Most interestingly, the compact state(s) of OPN is (are) characterized by substantial long-range order [83] . Since there is typically a low sequence homology in related IDPs, we postulate that the conservation of (aro-Pro) sequence patterns indicates the existence of relevant and specific aro-Pro interactions and therefore suggests the existence of compact segments. It will be interesting to see whether this information can be used as a primarysequence search criterion to identify IDPs with distinct structural properties, as proposed elsewhere [84] .
We therefore suggest reassessing the structural and functional role of prolines in IDPs. It is generally accepted that prolines are highly abundant in IDPs and on this basis are described as disorder promoting amino acids [73, 74] . Based on our findings we suggest a more subtle and ambivalent role for prolines in IDPs. Proline residues are often found in specific local secondary structural elements called PPII helices. The unique structural arrangement of residues in PPII helices does not allow for tight packing interactions, and residues in PPII helices have therefore a smaller number of direct neighbours and consequently lower structural stabilization (or disorder for that matter). However, the data obtained in our study clearly show that the structural dynamics of proline residues depends significantly on the amino acid sequence context (i.e. neighbouring amino acids next to prolines in the primary sequence). Sequence patches including proline and aromatic 18 amino acids display significant reduction of conformational flexibility, higher populations of 
MATERIALS AND METHODS
Expression and purification of the Coturnix japonica and Homo Sapiens OPN forms.
Coturnix japonica OPN sequence was cloned in pET11d plasmid. Several cysteine mutants and a phenylalanine-to-alanine mutation (F121A) were introduced by site-directed mutagenesis (Thermo Fisher ® ) and produced as the wild-type form. A total of 10 cysteinemutants of the Coturnix japonica OPN (S54C, E77C, S108C, R132C, A161C, D174C, S188C, S206C, S228C and S247C) were used. The plasmid was transformed into the E. A pETM11 plasmid encoding for the Homo sapiens OPN with a histidine tag was transformed in E. coli BL21(DE3) Rosetta phage resistant strain. The steps were the same as its homolog described above. Nine cysteine-mutants of the Homo sapiens OPN (G25C, Q50C, D90C, D130C, T185C, D210, S239C, S267C and S311C) were produced. 20 Regarding the purification, the harvested cell suspension was sonicated and cooked at 95°C for 10min. The lysate was centrifuged at 18000 rpm and the supernatant loaded onto a HisTrap® (GE Healthcare) affinity column. The protein was concentrated using a centrifugal filter and the final concentration measured by absorbance at 280 nm. The sample concentration for the assignment by 
MTSL-tagged cysteine mutants for PRE.
For the MTSL-tagging, the protein was incubated with an excess of DTT (10 mM) for 15min at room temperature. A PD-10
Desalting-Column was equilibrated with 100 mM sodium phosphate, 1 mM EDTA and pH 8.0 buffer, the protein loaded to a total volume of 2.5 mL and eluted with 3.4 mL of buffer.
The free thiol concentration was measured using a 300 µM DTNB (5,5'-dithiobis-(2- (Table S1 and S2). NMR data were processed using Bruker TopSpin 4.0. The programs CARA [86] and Sparky [87] were used to analyze and annotate the spectra. All the statistical analysis and fittings were carried out with RStudio. Table S3 for further details Analysis and plotting was carried out with RStudio. For the difference plots showed in Fig. 4, Fig. 7 , Fig. S5 and Fig. S6 the error associated (δQ) was calculated by
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